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Tunneling-nanotube direction determination 
in neurons and astrocytes 

X Sun 1 , Y Wang 1 , J Zhang 2 , J Tu 2 , X-J Wang 1 , X-D Su 1 , L Wang*' 2 and Y Zhang*' 1 

A tunneling nanotube (TNT) is a newly discovered structure involved in cell-cell communication and is found in various types of 
cells. Here we identify S100A4 as an extracellular molecule and describe its role in attracting the growth direction of TNTs. 
Together with its putative receptor, receptor for advanced glycation end product, we demonstrate their involvement in TNT 
direction guidance. Our results further suggest a mechanism for direction guidance of TNTs. In TNT-initiating cells, p53 activates 
caspase-3, which leads to S100A4 cleavage and its subsequent decrease in cellular concentration. The decrease in cellular 
S100A4 induces the formation of a gradient of S100A4, from a low concentration in initiating cells toward a high concentration in 
target cells. This concentration gradient of S100A4 induces direction guidance for TNTs. 
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Tunneling nanotubes (TNTs) are described as thin membra- 
nous and hovering freely channels located between cells. 1 ' 2 
As a new principle in cell-cell communication, TNTs are found 
in various types of cells, such as rat pheochromocytoma PC1 2 
cells, 1 HEK293 cells, 1,3 EBV-transformed human B cell line, 4 
murine macrophage J774 cells, 4 DU 145 human prostate 
cancer cells, 5 THP-1 monocytes, 6 hepatic HepG2 cells, 7 
TRVb-1 cells, 7 bovine mammary gland epithelial cells, 7 
human monocyte-derived macrophages 4 8 primary cultures 
of rat astrocytes, 9 myeloid-lineage dendritic cells, 6 hemato- 
poietic stem and progenitor cells 10 and bacteria. 11 Similar 
cell-cell communication projections have been described as 
cytonemes in developing Drosophila imaginal discs 12-15 and 
MHC class II + cells in mouse cornea 16 in vivo. TNTs can 
transfer cellular organelles, surface receptors, GPI-anchored 
proteins and calcium fluxes. 17 The cytoskeletal components 
of TNTs are reported to be F-actin and myosin Va. 17,18 In 
cultured rat hippocampal neurons and astrocytes, p53, 
epidermal growth factor receptor, Akt, phosphoinositide 
3-kinase and mTOR are critical for TNT initiation. 18 TNTs 
always develop from insulted cells toward non-insulted cells, 
and are used to transfer cellular contents to non-insulted cells. 
However, how TNTs find their destination to these healthy 
cells is still unknown. Herein, we identified the small calcium- 
binding protein S100A4 and described its role as a direction 
guidance molecule of TNT. Its putative receptor, receptor for 
advanced glycation end products (RAGE), was also deter- 
mined to be involved in TNT guidance. 



Results 

TNT transferred cellular contents between cells. Rat 

hippocampal astrocytes were treated with H 2 0 2 for 2 h to 
induce TNT development, 18 and then transfected with 
EGFP or RFP for better visibility. A series of representative 
images of TNT were taken by moving the scanning plates (z 
axis) (Figures 1a1-a3). As the scanning plates changed, a 
TNT (arrow) could be clearly observed (Figures 1a1-a3). A 
super-resolution image of TNT with plasma membrane 
marker showed that TNT was a tube-like structure 
(Figure 1b). Different from other cellular extensions, 
the TNTs appeared hovering freely in the culture 
(Supplementary Movie S1). Scanning of the z axis showed 
that the TNT was a detached, 'bridging' structure positioned 
between two cells (*) (Figures 1c and c'). This was also 
demonstrated by the time-lapse movie (Figure 1d, 
Supplementary Movie S2). 

To distinguish the initial cell populations, the astrocytes 
were first cultured separately and then transfected with EGFP 
or RFP. The group of astrocytes that was treated with H 2 0 2 for 
2 h to induce TNT development 18 was named 'initiating cells'. 
These initiating cells were then trypsinized and put onto the 
other group of cells ('target cells') to coculture. TNTs (arrow) 
would usually develop within 24 h in the direction from the 
initiating cells toward the target cells as previously described 18 
(Figure 1e). In the high-power image, red fluorescence was 
observed in the green cell, indicating that cellular contents of 
the red cell could be transferred through the TNT to the green 
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Figure 1 TNT transferred cellular contents between cells, (a) A TNT between two astrocytes (transfected with EGFP) was scanned at different z-axis plates (a1-a3). 
Arrow: TNT. Scale bar: 5 fjm. (b) A super-resolution image for TNT showed that TNT is a tubular structure. The cells were labeled with a membrane marker. Scale bar: 5 ^m. 
(c) An image of the z-axis view of a TNT between two astrocytes (*) labeled with RFP, indicating that TNT was a detached, 'bridging' structure between cells. Scale bar: 20 ^m. 
(c') High-magnification image for c. Scale bar: 10 ^m. (d) A TNT (arrow) between two astrocytes is detached from the bottom surface. Scale bar: 10^m. (e) TNT (arrow) 
transferred cellular materials from one astrocyte (transfected with RFP) to another astrocyte (transfected with EGFP). IC, Initiating cell; TC, Target cell. Scale bar: 50 ^m. 
(e') High-magnification image for E. Scale bar: 10 /urn. (f1-f6). Cellular content (arrowhead) was transferred from one astrocyte to another through a TNT (arrow) with time. 
Scale bar: 10^m. 



cell (Figure 1e'). In another example, the initiating and the 
target cells were undistinguishable, but the cellular content 
trafficking from one cell to another was also observed (Figures 
1f1-f6, Supplementary Movie S3). Our results suggest that 
TNTs are tubular, 'bridging' structures that transfer cellular 
contents between cells. 



S100A4 attracted the direction of TNTs in astrocytes and 
neurons. Two populations of astrocytes labeled with EGFP 
and RFP were cocultured, and the TNTs were induced by 
H 2 0 2 treatment in RFP-transfected astrocytes. One target 
astrocyte was destroyed with microinjecting staurosporine. 
Interestingly, the direction of the established and developing 
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TNTs changed to another astrocyte nearby (Supplementary 
Figure S1), suggesting that there might be a direction 
guidance molecule secreted by the target cells. The 
components of culture medium from the target cells were 
separated using a combination of ion exchange, hydrophobic 
and size-exclusion chromatography. The protein in each of 
the fraction was immobilized onto beads and introduced to 
astrocyte cultures (Supplementary Figure S2). Their respec- 
tive ability of TNT guidance by each fraction was examined. 
The fractions that represented attraction roles toward TNTs 
were separated by sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE), and the two major bands 
(* and arrow) were isolated and sent for sequencing. The 
MALDI-TOF-MS sequencing results identified the protein 
band with a molecular weight of 10-1 6 kDa (arrow) to be 
S100A4 (Figure 2a). 

To confirm the role of S100A4 in TNT guidance, the 
beads coated with recombinant S100A4 were added to the 
astrocytic culture. The heparin beads coated with 50^g/ml 
S100A4 were placed at one corner of the culture dish. 
After a 24-h incubation, the direction of TNT growth of the 
EGFP-transfected cells toward the beads was observed. 
Briefly, a line was drawn from the center of the cell body to the 
center of the coated bead and labeled as axis x. Axis y is 
perpendicular to axis x, and therefore x and y marked four 
quadrants, which were labeled I, II, III and IV. Only the TNTs 
that transpired (not contingent on the initiation point) 
at the same side as the bead were measured (Figure 2b, 
e.g., in the provided diagram, quadrant I and II, but not III and 
IV). A line was then drawn from the initiating point of the TNT 
to the bead (line a). Another line was drawn from the end point 
of the TNT to the bead (line b). The angle (a) was measured 
between a and b. a^5° was determined as 'toward the bead' 
(in the example diagram, the left panel, not the right panel; 
Figure 2b). 

S1 00A4 remarkably attracted the TNTs toward the direction 
of the beads when compared with phosphate-buffered saline 
(PBS)- or bovine serum albumin (BSA)-coated groups 
(Figures 2c-g and c-g'). When S100A4 was denatured by 
boiling for 10min, the denatured S100A4 did not induce 
guidance of TNTs (Figures 2h and h'). Our data indicate that 
S100A4 might indeed be the direction guidance cue molecule 
for TNTs (Figure 2i). In HEK293 cells, overexpression of 
S100A4 (red fluorescent cells) induced significant TNT 
targeting (Figures 3a, b, a' and b'). S100A4 was transfected 
into astrocytes and HEK293 cells, as they were both used as 
target cells in different experiments. Regardless of cell type, 
the initiating astrocytes always developed TNTs toward the 
S100A4-overexpressing cells (Figure 3d). This indicates that 
S100A4 was sufficient to attract TNT direction. In the TNTs 
established between HEK cells expressing S100A4 and 
astrocytes (Figures 3b and b'), cellular content transfer could 
be observed (Figures 3d and c2, arrow heads), implying that 
the TNTs were functional. 

RAGE was involved in TNT direction guidance. During 
TNT formation between two opposing astrocytes, microinjec- 
tion of the S100A4-overexpressing construct, induced TNT 
growth from target cells toward the injected cells (Figures 4b 
and b'). In contrast, knocking down endogenous S100A4 by 



microinjection of S100A4 siRNA into the target cells 
inhibited TNT attraction (Figures 4e and e'). The culture 
media from the target cells was absorbed by either S100A4 
antibody or control antibody rabbit serum IgG, and then 
placed back into to the target cell culture. The resulting 
S100A4 antibody-absorbed media exhibited significantly 
reduced TNT attraction by the target cells (Figures 4c, c', h 
and IY). Taken together, these data confirm that S100A4 
in the culture medium attracts the directions of TNTs 
(Figure 4j). 

RAGE is a putative receptor for S100A4. 19-21 In the TNTs 
formed between two opposing astrocytes, knocking down 
RAGE greatly reduced the number of TNTs toward the target 
cells (Figures 4d, d', f and f). RAGE effects were knocked 
down by either RAGE siRNA or its neutralizing antibody 22 in 
initiating cells. Inclusion of the RAGE antagonist heparin in 
initiating cells also inhibited TNT guidance (Figures 4i and i'). 
Our data suggest that the function of RAGE in initiating cells is 
to act as the receptor for S100A4, which is specifically 
secreted by target cells to mediate TNT direction guidance 
(Figure 4k). Alterations of S100A4 and RAGE did not change 
the number of TNTs induced (Supplementary Figure S3). This 
excluded the possibility that S100A4 and RAGE affected the 
total number of TNT induction. 

The presence and expression pattern of RAGE was 
determined by immunostaining in both initiating and target 
cells. Both initiating and target cells (separately cultured and 
cocultured) expressed RAGE (Figures 5a-d). In most of the 
initiating cells, RAGE expressed homogenously (Figure 5a'), 
whereas in some of the target cells, RAGE appeared as a 
punctured pattern (Figure 5b'). Western blot showed that 
RAGE was expressed in both initiating and target cells at a 
relatively similar quantity (Figure 5e). Quantitative RT-PCR 
also demonstrated that mRNA of RAGE in both initiating and 
target cells was also at similar quantity (Figure 5f). 

Chinese hamster ovary (CHO) cells, which lack endogen- 
ous RAGE 23 were used to confirm the role of RAGE in TNT 
guidance. Uninduced CHO cells were not able to develop 
TNTs (Figures 6a and b). When induced by treatment of H 2 0 2 
for 2 h, nontransfected wild-type (WT) CHO cells developed 
TNTs, although not toward S1 00A4-coated beads (Figures 6c 
and c'). The induced CHO cells transfected with RAGE 
construct developed TNTs toward the S100A4-coated beads 
(Figures 6d and d'). Our data suggest that RAGE may act as 
the receptor in the initiating cells and respond to S100A4 
signaling (Figure 6e). 

Neuronal activity was required for attracting TNTs 
between astrocytes and neurons. The TNTs located 
between astrocytes and neurons have also been investi- 
gated. Our data illustrated that, similar to TNTs between 
astrocytes, S100A4 and its putative receptor RAGE were 
essential for TNT guidance toward neurons (Figures 7a, left 
panel, and b) and between neurons and astrocytes 
(Figure 7a, right panel). Because neurons are excitable 
cells, we then addressed whether neuronal activity or 
spontaneous firing had a role in TNT guidance. Channelrho- 
dopsin-2 (ChR2) was transduced to neurons by adeno- 
associated virus (AAV, Figure 7c). Because the major source 
of secreted S100A4 is astrocytes in the CNS, neurons 
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Figure 2 S100A4 attracted TNT direction in astrocytes, (a) Two protein bands (* and arrow) after gel filtration were sent for sequencing. The protein band (arrow) in 
SDS-PAGE was identified as S1 00A4. (b) To determine the direction of TNTs, from the center of the cell body to the center of the coated bead, a line was drawn as axis x. Axis 
y was perpendicular to x. Therefore, x and y marked four quadrants: I, II, III and IV. Only the TNTs positioned (no matter where the initiation point is) on the same side with the 
bead were measured (e.g., in the example diagram, quadrant I and II, but not III and IV). Then a line was drawn from the initiating point of the TNT to the bead (line a). A line 
was drawn from the end point of the TNT to the bead (line b). The angle (a) was measured between a and b. a^5° was determined as 'toward the bead' (in the example 
diagram, the left panel, not the right panel), (c) Astrocytes were transfected with EGFP. The beads coated with recombinant S100A4 (50 /ig/ml) attracted TNTs (arrow), (c') 
High-magnification image for c. (d) Phase-contrast image of c. (d') High-magnification image for d. Arrow: TNT. Scale bar: 5 fim. (e) Astrocytes were transfected with EGFP. 
The beads that were coated with PBS did not attract TNTs (arrow), (e') High-magnification image for e. (f) Phase-contrast image of e. Scale bar (c-f): 50 /urn. (f ) High- 
magnification image forf. Arrow: TNT. Scale bar (c'-f ): 5 ^m. (g) The bead (white circle) coated with BSA (50 ^g/ml) did not attract TNT (arrow). Scale bar: 50 ^m. (g') High- 
magnification image for g. Arrow: TNT. Scale bar: 5 ^m. (g") High-magnification image for g. Dashed arrow: potential TNT in extension. Scale bar: 5 ^m. (h) The bead (white 
circle) coated with boiling denatured S100A4 (50 jug/ml) did not attract TNT (arrow). Scale bar: 50 ^m. (h') High-magnification image for h. Arrow: TNT. Scale bar: 5 ^m. 
(i) Summary of direction guidance of TNT by various conditions. Data represent mean ± S.E. (100 cells per each experiment for three independent preparations), **P<0.01 
compared with control groups. 
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Figure 3 HEK-expressed S1 00A4 attracted TNT. (a) HEK293 cells overexpressing vector-only (red fluorescent cells) did not attract TNT (arrow) initiating from astrocytes 
(green fluorescent cells). Scale bar: 20 ^m. (a') High-magnification image for a. Scale bar: 5 /*m. (b) HEK293 cells overexpressing S100A4 (red fluorescent cells) attracted 
TNT (arrow) initiating from astrocytes (green fluorescent cells). Scale bar: 20 ^m. (b') High-magnification image for b. Scale bar: 5 ^m. (d and c2) Cellular content 
(arrowhead) transfer was observed with time in b'. Scale bar: 5 /urn. (d) The initiating astrocytes always developed TNTs toward the S100A4-overexpressing cells, regardless 
the cell type. A, astrocytes; H, HEK293. Data represent mean ± S.E. (100 cells per each experiment for three independent preparations), **P<0.01 compared with control 
groups. 



produce and secrete very low levels of S100A4, and the 
conditioned medium from astrocytes was added to the 
neuronal culture (Figure 7c). Then H 2 0 2 -stimulated initiating 
astrocytes were cocultured with neurons. After being 
activated by ~470nm blue light (Figure 7c), the cation 
channels of ChR2 opened to allow Na + influx to neurons and 
further activated the infected neurons (Figure 7d). 25,26 
Neuronal activation induced a remarkable increase in TNT 
attraction, whereas coapplication of S100A4 siRNA inhibited 
such increase (Figure 7e). After the neurons were activated, 
the culture media of the target cells were then absorbed by 
the S100A4 antibody and placed back to the neuronal 
culture. The ability of attracting TNT direction was reversed 
to control the level by such treatment (Figure 7e), suggesting 
that neuronal activity and S100A4 both contributed to TNT 
guidance. Similar effects were also observed by applying 
different concentrations of KCI, which increased neuronal 
activity in general (Figure 7f). When neuronal activity was 
suppressed by NMDA and the non-NMDA receptor antago- 
nists CNQX and MK-801, the attraction of TNT by neurons 
was greatly reduced (Figure 7g). These results indicate that 
both neuronal activity and S100A4 are critical for TNT 
guidance. The total numbers of TNT induced between 
astrocytes and neurons were not altered by S100A4, RAGE, 
ChR2 and CNQX + MK-801 (Supplementary Figure S3), 



suggesting that these treatments did not affect the total 
number of TNT induction. 

Caspase-3 cleaved S100A4, which induced a gradient for 
TNT guidance. Like many other proteins trafficked through 
the nonclassical export pathway, 27 ' 28 S100A4 is a cytosolic 
protein and can be secreted to the medium by unknown 
mechanisms. 29 Theoretically, if both initiating and target cells 
produce and secrete S100A4, one should assume that a 
similar chemical gradient would form around both groups of 
cells. If indeed this is true, then why do TNTs only grow 
toward the target cells, and not back toward the initiating cell 
itself or to another initiating cell (Figure 8a)? We measured 
the concentrations of S100A4 in the cytosol and in the culture 
media around both initiating and target cells by sucking 
media with a microinjection needle next to different groups of 
cells with a negative air press. These results demonstrate 
that S100A4 levels are significantly lower inside and around 
the initiating cells compared with the target cells (Figure 8b). 
The conditioned media was collected by placing the needle 
next to the target cells and evenly distributing it onto the 
coculture. The percentages of TNTs toward the target cells, 
and the initiating cells themselves or another initiating cell, 
were roughly same (Figure 8b, bottom panel). When these 
conditioned media were absorbed by S100A4 antibody and 
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Figure 4 RAGE was involved in TNT guidance, (a-i) In the TNTs between astrocytes (IC, initiating cell, green fluorescent) and astrocytes (TC, target cell, red fluorescent), 
S100A4 in the target cells and its putative receptor RAGE in the initiating cells were critical for TNT guidance demonstrated by applications of S100A4 (microinjected to the 
target cells, 50 /^g/ml), S1 00A4 antibody (microinjected to the target cells, 25 //g/ml), control IgG (rabbit serum, microinjected to the target cells, 25 ^g/ml), S1 00A4 or negative 
control (NC) siRNA (transfected to the target cells, 100 ng/^l), RAGE or NC siRNA (transfected to the initiating cells, 100 ng/^l), RAGE antibody (microinjected to the initiating 
cells, 25 ^g/ml) and heparin (2 /43/ml in the culture medium). Scale bar: 50 ^m. (a'-i') High-magnification images for a-i. Arrow: TNT. Scale bar: 10 ^m. (j and k) Summary of 
data showed that RAGE is involved in TNT direction guidance. Data represent mean ± S.E. (100 cells per each experiment for three independent preparations), **P<0.01 
compared with control groups. 
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Figure 5 RAGE expression in both initiating and target astrocytes, (a) RAGE expression was detected by immunostaining in the initiating astrocytes. Scale bar: 20 fim. 
(a') High-magnification images for a. Scale bar: 5/zm. (b) RAGE expression was detected by immunostaining in the target astrocytes. Scale bar: 20 /am. (b') High- 
magnification images for b. Scale bar: 5 ^m. (c) TNTs (arrow) were established between the initiating astrocytes (green fluorescent) and target astrocytes (red fluorescent), (d) 
RAGE expression was detected by immunostaining in both cell populations. Scale bar (c and d): 20 ^m. (e) Western blot shows that the protein levels of RAGE were similar in 
both initiating and target astrocytes, (f) Quantitative RT-PCR shows that the mRNA levels of RAGE are similar in both initiating and target astrocytes. Data represent 
mean ± S.E. (in three independent preparations), **P<0.01 compared with control groups. 



put back to the coculture, there was no TNT guidance toward 
the target cells (Figure 8b, bottom panel). Quantitative 
RT-PCR showed that S100A4 mRNA levels were about 
the same in both initiating and target cells (Figure 8c). Our 
data suggest that S100A4 was remarkably lower in and 
around the initiating cells than the target cells. Therefore, a 
relatively high S100A4 chemical gradient around the target 
cells attracted the direction of TNTs. 

We then addressed the question of why the concentration of 
S100A4 around the target cells is higher than around the 
initiating cells. By studying S100A4 sequence, we found a 
potential caspase-3 cleavage site (68NEVD71) (Figure 8d). 
The putative 3D structure showed that if S1 00A4 was cleaved 
by caspase-3 at D71 , the entire N-terminal a-helical segment 
would be released (Figure 8d). Caspase-3 activity assays 



proved that there was a significant amount of caspase-3 
activation in the initiating cells compared with the target cells 
(Figure 8e). Recombinant WT S100A4 could be cleaved by 
recombinant caspase-3, but not caspase-6, and two frag- 
ments of about 7 and 4k were produced, respectively 
(Figure 8f, the identity of both fragments was confirmed by 
peptide N-terminal sequencing, data not shown), which could 
be inhibited by the specific caspase-3 inhibitor Z-DEVD-fmk. 
In contrast, the mutant S1 00A4-D71 A could not be cleaved by 
caspase-3 (Figure 8f). 

When treated with caspase-3 inhibitor for 24 h, the levels of 
cellular and secreted S100A4 showed no difference between 
the initiating and target cells. There was no significant 
difference in the numbers of TNTs toward the target 
cells, the initiating cells themselves or another initiating 
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Figure 6 Transfected RAGE induces TNT guidance in CHO cells, (a) In nontransfected and uninduced CHO cells, there were few TNTs observed. The bead was coated 
with S100A4. (b) In the RAGE-transfected construct and uninduced CHO cells, there were few TNTs observed. The bead was coated with S100A4. (c) In nontransfected and 
induced CHO cells, TNTs were detected but not directed toward the S100A4-coated bead. Scale bar (a-c): 50 (im. (c') High-magnification image for c. Arrow: TNT. Scale bar: 
20 fim. (d) In RAGE-transfected construct and induced CHO cells, TNTs were detected toward the direction of the S100A4-coated bead. Scale bar: 50 ^m. (d') High- 
magnification image for d. Arrow: TNT. Scale bar: 20 /am. (e) Quantitative summary of the data. Data represent mean±S.E. (100 cells per each experiment for three 
independent preparations), **P<0.01 compared with control groups. 



cell (Figure 8g). According to the data from the experiment 
described above, neuronal activity greatly enhanced TNT 
guidance. We examined if neuronal activity also increased 
S100A4 concentration around the target neurons. Neurons 
were infected with ChR2 and activated by light. The level of 
S100A4 in the medium next to the activated neurons was 
remarkably higher than that of the nonactivated neurons 
(Figure 8h). This suggests that neuronal activity increases the 
concentration of S100A4 in the surrounding environment. 

To further explore the physiological function of TNTs, the 
total numbers of TNTs were determined in the astrocyte 
culture from WT and APP/PS1 mice with or without the 
presence of H 2 0 2 . Our data showed that in both uninduced 
(-H 2 0 2 ) and induced ( + H 2 0 2 ) conditions, APP/PS1 mice 



developed remarkably more TNTs than WT mice (Figure 9a), 
suggesting that TNT development might be a stress- 
responsive machinery. Astrocytes from WT and APP/PS1 
mice were cultured, and various insults were applied to these 
cells. Under uninduced condition, spontaneously developed 
TNTs were observed between cultured astrocytes. Percen- 
tage of cell death was compared between cells receiving TNT 
inputs and cells with no TNT connections. In both WT and 
APP/PS1 mouse astrocytes, cells receiving TNT inputs were 
more resistant to the toxicity induced by STS, etoposide 
(Etop), kainic acid (KA), glutamate (Glu), H 2 0 2 and serum 
deprivation than the ones without TNT inputs (Figure 9b). We 
hypothesize that cells may use TNTs to transfer undamaged 
cellular organelles, useful substance or energy to other cells 
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Figure 7 S100A4 and neuronal activity attracted TNT direction in neurons, (a) In the TNTs located between astrocytes and neurons (left panel), as well as between 
neurons and astrocytes (right panel), S100A4 in the target cells was critical for TNT guidance, (b) S100A4 putative receptor RAGE in the initiating cells was critical for TNT 
guidance, (c) The target neurons were infected with adeno virus-packaged ChR2 and cultured with the conditional medium from astrocytes. After coculture with the induced 
initiating astrocytes, neurons were activated by ~470 nm blue light at 10 Hz, 2 ms for 2 h. (d) Neuronal firing from an ChR2-infected neuron (circled) was recorded by patch 
clamp. Scale bar: 1 0 ^m. Top panel: Neuronal firing in response to brief current injections (50 pA, 5 ms, 1 0 Hz). Bottom panel: Neuronal firing was induced by ( ) 470 nm light at 
10 Hz, 2 ms. (e) Neuronal activity and S100A4 were critical for TNT guidance, (f) Different concentrations of KCI (1, 5, 10, 25, 50 and 100 mM) were applied to increase 
neuronal activity, (g) CNQX (10/jM) and MK-801 (10 (M) were applied to decrease neuronal activity. Data represent mean ± S.E. (100 cells per each experiment for three 
independent preparations), **P<0.01 compared with control groups. 



when undergo apoptosis. 18 Therefore, the cells receiving TNT 
inputs have greater resistance to insults. However, data show 
that some pathogens, including PrP Sc , HIV-1, intracellular and 
extracellular amyloid ft (Ap) peptides, can 'hijack' TNTs for 
their cell to cell spreading. 18 ' 30-33 Our present data confirmed 
that, in contrast to other insults examined in our experiments, 
extracellular A/? peptides facilitated cell death in the cells 
receiving TNT inputs significantly (Figure 9b). To further 
support this, cultured astrocytes were microinjected with 
S1 00A4, anti-S1 00A4 antibody, IgG control antibody, S1 00A4 
siRNA or negative control siRNA. After spontaneous TNTs 
were developed, the cultured medium was treated with either 
STS or extracellular A/? peptides. Our data showed that in 
STS treatment group, cell death decreased in the cells 
injected with S100A4, whereas cell death enhanced in the 



cells injected with anti-S100A4 antibody or S100A4 siRNA. 
From the results above (Figure 4j), cells injected with S100A4 
received more TNT inputs, whereas cells injected with anti- 
Si 00A4 or S100A4 siRNA received few TNT. Our data 
suggested that cells targeted by TNT were more viable with 
STS insult (Figure 9c). However, with extracellular A/? peptide 
treatment, the cells with more TNT inputs (S100A4-injected 
cells) showed more cell death than controls, suggesting that 
cells targeted by TNT were more vulnerable to Aft peptide 
(Figure 9c). 

Discussion 

This particular investigation has identified S100A4 as an 
extracellular attractive molecule, which has a role in TNT 
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direction guidance. S100A4 belongs to a calcium-binding 
S1 00 protein family with at least 21 other members. 29 S1 00A4 
is localized in the cytoplasm, nucleus and the extracellular 
space. 29 S100A4 has been extensively studied for its role in 
metastasis through its implication in angiogenesis, invasion 
and cell motility. 29 As a cellular protein without a signal peptide 
at the N terminus, S100A4 is found secreted by a 'non- 
classical' secretory pathway. The presence of extracellular 
S100A4 is evidenced in many systems. 19 ' 29 Although the 
majority of extracellular proteins are secreted by the endo- 
plasmic reticulum (ER)/Golgi-dependent secretory pathway, 
increasing data have showed that a group of nonclassical 
secreted proteins, such as S100A4, are exported through an 
ER/Golgi-independent pathway. 27 ' 28 Several mechanisms 
have been suggested for such a nonclassical secretory 
pathway, including lysosome secretion, 34 direct protein 
export, 35 multivesicular body release 36 and plasma mem- 
brane blebbing. 37 However, how S100A4 is exported extra- 
cellularly is still unclear and needs to be further explored. 
S100A4 secretion is increased in astrocytes under stress, 
such as tumor migration, peripheral nerve or dorsal root 
injury. 38 " 40 

Our data suggest that for TNT between astrocytes and 
astrocytes, S100A4 is sufficient for TNT targeting. However, 
for TNT developed between astrocytes and neurons, the 
presence of S1 00A4 and neuronal activation are both required 
for TNT targeting. As excitable cells, neurons distinct 
themselves from other cells by their firing. Neuronal activity 
integrity is more sensitive than morphological integrity when 
neurons are stressed or during aging 41 Therefore, if TNTs 
transfer cellular contents from damaged cells to healthy cells 
as we hypothesized, 18 TNTs need to successfully find the 
healthy target cells to build up connections. The requirement 
for both S1 00A4 and neuronal activity may be a way for TNTs 
to distinguish healthy neurons from others. 

RAGE has been suggested as a putative cell surface 
receptor for S100A4. 42 Our data confirm that S100A4 
mediates TNT guidance through RAGE in initiating cells. 
Here we propose that the extracellular S100A4 indeed 
attracts TNT direction and, thus, has a role in TNT direction 
guidance. In the stressed initiating cells, p53 activation 
induces TNT development 18 as well as caspase-3 activity. 
Caspase-3 cleaves intracellular S100A4, which therefore 
creates a chemical gradient around the target cells by 



inducing a relatively high concentration of S100A4. TNTs 
then follow this gradient to find the target cells (Figure 9d). It is 
widely accepted that caspase-3 activation is critical for 
apoptosis and cell death in many cells 43 However, recent 
evidence suggests that caspase-3 signaling is also important 
for development and differentiation of the neuronal system. 44 
In this particular study, whether caspase-3 activation induces 
cell death in initiating cells before they make TNTs with target 
cells has not been determined. It will be interesting to reveal 
the answer to this question by determining the role of TNT in 
cell death and neurodegeneration. 

The in vivo evidence showing similar cell-cell communica- 
tion projections has been described as cytonemes in 
developing Drosophila imaginal discs 12-15 and MHC class 
II + cells in mouse cornea. 16 TNT may indeed have an 
important role in neurodegenerative diseases. In Alzheimer's 
disease (AD), both A/? and tau are suggested to have a distinct 
impact on disease development and progression 45 Micro- 
injection of A/? into initiating cells is capable of inducing cell 
death in the target cells. 18 One possible explanation for this is 
that A/? can use TNTs as an 'express way' to spread to 
surrounding cells. This is supported by the fact that in TNTs, 
A/? travels at a speed four-times faster than ER, Golgi, 
endosome and mitochondria. 18 In addition, tau is recently 
found to be spread crossing synapses in brain tissues with 
early AD 46,47 It is possible that tau is directly transfered by 
TNTs located between two cells and induces neurodegenera- 
tion. It would be of great significance to identify TNTs in 
different physiological and pathological tissues, which will 
help to understand the functional roles of TNTs and develop 
potential therapy based on inferring TNT development, 
targeting and cellular substance trafficking inside TNTs. 

Materials and Methods 

Chemicals, cDNA constructs, siRNAs and antibodies. Lipofecta- 
mine 2000 (Invitrogen, Carlsbad, CA, USA), CNQX (Sigma, St. Louis, MO, USA), 
MK-801 (Sigma), KCI (Sigma), STS (Sigma), Etop (Sigma), Glu (Sigma), KA 
(Sigma), heparin (Sigma), H 2 0 2 (Beijing Chemicals Co., Beijing, China), 
recombinant caspase-3, caspase-6 (Pharmingen, San Diego, CA, USA), 
recombinant S100A4 (ProSpec, East Brunswick, NJ, USA), protein-A beads 
(Sigma), Z-DEVD-fmk (CalBiochem, Gibbstown, NJ) and Z-VEID-fmk (CalBio- 
chem) were used in the experiments. Antibodies to S100A4 (CalBiochem), 
caspase-3 (Pharmingen) and IgG rabbit serum (Sigma) were used. RAGE 
antibody (25/zg/ml, AM 6; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was 
used as a neutralizing antibody. 22 Organelle Light Intracellular Targeted 



< 

Figure 8 Caspase-3 cleaved S100A4 in initiating cells and induced the subsequent formation of a chemical gradient of S100A4, which resulted in its increased 
concentration around target cells, (a) If both the initiating and the target cells produce and secrete the same amount of S100A4, how exactly is it that TNTs have the ability to 
distinguish these two types of cells and grow from the initiating cells toward the target cells? (b) The target cells contain higher levels of S100A4 in the cytosol (left panel) and 
the surrounding medium (middle panel). Last panel: the conditioned media was collected by a microinjection needle with a negative air pressure placed next to the target cells 
and evenly distributed into the coculture. The percentages of TNTs directed toward the target cell (TC), the initiating cells themselves (Self) or another initiating cell (IC) were 
roughly same. When these conditioned media was absorbed by S100A4 antibody and placed back into the coculture, there was no apparent TNT guidance toward the target 
cells, (c) Quantitative RT-PCR data showed that mRNA levels in the initiating cells were about the same as in the target cells, (d) There was a putative caspase-3 cleavage site 
(highlighted, 68NEVD71) in S100A4 sequence. The 3D structure of S100A4 (dimer) demonstrated that the caspase-3 cleavage released the entire N-terminal a-helical 
segment of S100A4. (e) Caspase-3 activity was significantly higher in the initiating cells than in the target cells, (f) Caspase-3 could cleave S100A4 in vitro and in vivo. Top left 
panel: recombinant S100A4 was cleaved by recombinant caspase-3 in vitro. Caspase-3 cleaved S100A4 into two separate bands at about 7 and 4k, which could be inhibited 
specifically by caspase-3 inhibitor, but not by caspase-6 inhibitor. Mutant S100A4-D71A could not be cleaved by caspase-3. Top right panel: cleavage of S100A4 by caspase-3 
in vitro with time. Bottom panel: S1 00A4 was cleaved by caspase-3 in vivo. Astrocytes were treated with conditions that were previously mentioned, and cell extracts were used 
to do western blots. siRNA-1 and -2: caspase-3 siRNAs. (g) With caspase-3 inhibitor (Z-DEVD-fmk, 5 fM) treatment for 24 h, the levels of S100A4 were about the same in (left 
panel) and around (middle panel) the initiating and target cells. The percentages of TNTs toward the target cell (TC), the initiating cells themselves (Self) or another initiating 
cell (IC) were roughly same (right panel), (h) When neurons were activated by light, S100A4 in the surrounding medium increased remarkably. Data represent mean ± S.E. 
(100 cells per each experiment for three independent preparations). **P<0.01 compared with control groups. 
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Figure 9 Possible TNT implication in cell death, (a) The numbers of TNTs in the hippocampal astrocyte culture from WT and APP/PS1 mice with or without H 2 0 2 treatment 
were determined, (b) In both WT and APP/PS1 mouse astrocyte culture, cells receiving TNT inputs were more resistant to the toxicity induced by STS, Etop, KA, Glu, H 2 0 2 
and serum deprivation ( - S) than the ones without TNT inputs. Extracellular A/? induced more cell death in both WT and APP/PS1 astrocytes, (c) Astrocytes cultured from WT 
mice were microinjected with S100A4, anti-S100A4 antibody, IgG control antibody, S100A4 siRNA or negative control siRNA. Cell death was induced by STS or extracellular 
A/?. Data represent mean ± S.E. (n = 3). **P< 0.01 compared with control groups, (d) In stress-initiating cells, p53 activation induces TNT development and also caspase-3 
activity. Caspase-3 cleaves intracellular S100A4, which therefore induces a chemical gradient of a relatively high concentration of extracellular S100A4 around the target cells. 
TNTs can follow this gradient to find the target cells. 



Fluorescent Proteins for cell membrane were applied to label cellular membrane 
as described by the manufacturer (Invitrogen). Wild-type (WT) and mutated 
S100A4 were cloned in pET28a vector between Nde\ and Xho\ restriction sites. 
The primes used in cloning were 5'-GGAATTCCATATGGCGAGACCCTTGGAGG 
3' (forward) and S'-CCGCTCGAGTCACTTCTTCCGGGGCTCC-S' (reverse). The 
S100A4-D71A mutant was generated using overlapping PCR mutagenic 
oligonucleotides, and the primers used for mutagenesis are 5'-CAAT 
GAAGTTGCCTTCCAGGAG-3' (forward) and 5' -CTCCTG G AAG GCAACTT 
CATTG-3' (reverse). Heparin-coated acrylic beads (Sigma) were soaked with 
50/jg/ml S100A4, BSA or PBS for overnight at 4°C. All siRNAs and controls 
(Qiagen, Hilden, Germany) were diluted into 5nM before injection or transfection 
by HiPerFect (Qiagen) described by the manufacturer. The silencing efficiency and 
off-target effects of all siRNAs were verified by Qiagen. 

Cell cultures. Primary neurons and astrocytes were cultured from new-born 
Sprague Dawley rats or WT APP/PS1 mice following the regulations of Peking 
University Animal Care and Use Committee. In brief, fresh rat or mouse 
hippocampal tissues were washed with PBS (0.14 M NaCI, 0.003 M KCI, 0.01 M 
Na 2 HP0 4 and 0.002 M KH 2 P0 4 , pH 7.2) dissociated with 0.25% trypsin 
(Invitrogen), which was then inactivated by 10% decomplemented fetal bovine 



serum (FBS; HyClone, Logan, UT, USA). The mixture was triturated through 
pipette to make a homogenous mixture. After filtering the mixture through 70-^m 
sterilized filters, the flow-through was centrifuged. The pellet was then washed 
once by PBS and once by Dulbecco's modified Eagle's medium (DMEM) solution 
containing 0.225% sodium bicarbonate, 1 mM sodium pyruvate, 2 mM L-glutamine, 
0.1% dextrose, 1 x antibiotic Pen-Strep (all from Invitrogen) with 5% FBS. Cells 
were then plated on poly-L-lysine-coated (Sigma) plates at the density of 3 x 10 6 
cells per ml. Neurons and astrocytes were incubated at 37 °C in DMEM with 5% 
FBS and with 5% circulating C0 2 . Cytarabine was added to culture media 24 h 
after plating at 10 (M to inhibit cell growth in neuronal cultures, but not in 
astrocytic cultures. Medium was changed every 48 h. To obtain astrocyte culture, 
when cells were confluent on the surface of culture flask, the cells were rocked in a 
covered culture flask at 250 g for 18 h. The cells were washed twice with DMEM 
and digested with 0.25% trypsin until the cells get rounded. The cells were 
transferred to another culture dish with DMEM and 5% FBS. Cells were treated for 
experiments at 7 days in culture. HEK293 and CHO cells were cultured with 
DMEM. 

Confocal imaging. Cells were imaged using a Zeiss LSM-510 inverted 
confocal microscope (Carl Zeiss, Oberkochen, Germany). All imaging data were 
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taken in the line-scanning mode of the cells excited at 488 nm for EGFP or 
Alexa488 and 563 nm for RFP. X-Y and X-Z sections were taken 1 ^m for every 
scanning step. To determine the direction of TNTs, from the center of the cell body 
to the center of the coated bead, a line was drawn and labeled as axis x. Axis y 
was perpendicular to axis x. Therefore, x and y marked four quadrants: I, II, III and 
IV. Only the TNTs end up (no matter where the initiation point is) at the same side 
with the bead measured (Figure 2b, e.g., in the example diagram, quadrant I and 
II, but not III and IV). A line was then drawn from the initiating point of the axon to 
the bead (line a). Another line was drawn from the end point of the TNT to the 
bead (line b). The angle (a) was measured between a and b. a ^5° was 
determined as 'toward the bead' (in the example diagram, the left panel, not the 
right panel) (Figure 2b). Nikon Super Resolution N-SIM Microscope (Nikon, Tokyo, 
Japan) was used for super-resolution image capture. Each image was collected 
using a x 100 oil immersion objective. 

Microinjection. Thin-walled Borosilicate glass capillaries (outer 
diameter = 1.0 mm, inner diameter = 0.5 mm) with microfilament (MTW100F-4; 
World Precision Instruments, Sarasota, FL, USA) were pulled with a Flaming/ 
Brown Micropipette Puller (P-97; Sutter Instruments, Novato, CA, USA) to obtain 
injection needles with a tip diameter of about 0.5 ^m. Microinjections were 
performed in the cytosol of each cell using the Eppendorf Microinjector FemtoJet 
and Eppendorf Micromanipulator (Eppendorf, Hamburg, Germany). Neurons were 
injected with 25 fl per shot at an injection pressure of 100 hPa, a compensation 
pressure of 50hPa and an injection time of 0.1 s. The solutions were injected at 
the indicated concentrations with 100 ^g/ml dextran Texas Red or Alexa488 
(Molecular Probes, Eugene, OR, USA) as a fluorescent marker to recognize the 
injected cells. AirTram (Eppendorf) was used to provide a negative air pressure to 
collect the culture media near the initiating or target cells. 

AAV infection. ChR2 cDNA was subcloned from pEGFP-N3 into pAdTrack 
with Bgh\ and Xho\ digestions. AAV was packaged in HEK293 cells, and the 
infectious particle was measured as 2 x 10 6 /ml (MOI = 1.33). The purified virus 
supernatant was added to cell culture medium at the dilution of 1 :500 for 24 h. 

Medium absorption. The protein-A sepharose beads were soaked with 
S100A4 antibody or control IgG overnight over a rotor. The culture medium was 
then absorbed by constantly rotating with the coated beads overnight. The 
absorbed medium was then placed back to the culture. 

Protein preparation. The WT S100A4 and S100A4-D71A were over- 
expressed in Escherichia coli strain Rosetta (DE3) as N-terminal (His) 6 -tagged 
proteins. Bacterial cells harboring the S100A4 plasmids were cultured in LB media 
supplemented with 50 /uglml kanamycin and 34 ^g/ml chloramphenicol at 37 °C to 
an OD 600 of 0.6-0.8. Protein expression was induced with 0.5 mM at 18°C for 
20 h. Cells were harvested and resuspended in 20 mM Tris-HCI, pH 7.5, 500 mM 
NaCI and 50 mM imidazole (equilibration buffer). Cells were sonicated and 
centrifuged at 50 000 x g for 60 min at 4 °C, and soluble fractions were loaded 
onto a 5-ml HisTrap HP column (GE Healthcare/Amersham, Uppsala, Sweden) 
equilibrated with equilibration buffer. The columns were washed with equilibration 
buffer containing 100mM imidazole, and the target proteins were eluted with 
equilibration buffer containing 500 mM imidazole. Purified proteins were further 
purified via gel filtration utilizing buffer containing 20 mM Tris-HCI pH 7.5 and 
150mM NaCI. Purified proteins were concentrated for crystallization trials using 
the Amicon Ultra Centrifugal Filter Devices of a 3000 MWCO (Millipore 
Corporation, Billerica, MA, USA). 

Electrophysiology recording. Whole-cell patch-clamp recordings were 
acquired from rat cultured hippocampal neurons 24 h post infection using standard 
whole-cell patch-clamp techniques. 48 Patch pipettes were pulled from thin-walled 
borosilicate glass (Sutter Instruments) with a micropipette puller (P-2000; Sutter 
Instruments) to a resistance of 3-5 MQ. A MultiClamp 700B amplifier (Axon 
Instrument, Sunnyvale, CA, USA) was used, and currents were low-pass filtered at 
1kHz and then digitalized online at 10 kHz using a Digidata 1440A (Axon 
Instrument). Data were acquired and stored with the use of pClamp 10 software 
(Axon Instrument). Photocurrents were measured while holding neurons in voltage 
clamp at - 65 mV. Whole-cell capacitance and series resistance was measured 
from the amplifier, and compensation was adjusted to 80%. For whole-cell patch- 
clamp studies, the standard extracellular solution contained (in mM) 125 NaCI, 
2 KCI, 3 CaCI 2 , 1 MgCI 2 , 30 glucose and 25 HEPES (pH 7.3 with NaOH). 



The recording pipette solution consisted of (in mM) 97 potassium gluconate, 
38 KCI, 0.35 EGTA, 20 HEPES, 4 magnesium ATP, 0.35 sodium GTP, 6 NaCI (pH 
7.25 with KOH). For all experiments, raw data were analyzed and plotted using 
Origin 7.5 software (Microcal Software, Sunnyvale, CA, USA). 

Optical stimulation. DG-4 high-speed optical switch with 300-W xenon lamp 
(Sutter Instruments) was used to deliver the light pulses for ChR2 activation. This 
system could steer a laser beam at a maximum rate of 10 ms per site, and formed 
a flexible pattern of stimulation with the help of the image acquired by the CCD 
camera. The laser beam was steered with a two-dimensional acousto-optic 
deflector, and thus the intensity and dwell time at each site could be finely tuned. 

Coomassie blue staining. The protein solution was denatured 
at 100 °C for 5 min and was separated on a 12% SDS-PAGE at 100 V for 
about 1.5 h. The gel was then stained in the Coomassie Brilliant Blue solution 
(0.1% Coomassie Brilliant Blue R-250, 25% isopropyl alcohol and 10% acetic acid) 
and rocked at room temperature for 4 h. The gel was destained in the destain 
solution (40% ethanol, 10% acetic acid and 50% ddH 2 0) and shaken at room 
temperature for about 3 h, while the gel solution was changed five times during 
this period. 

Chromatography. Ion exchange, hydrophobic and size-exclusion chromato- 
graphy were used to separate the components of culture medium. After passing 
the SepharoseQ anion exchange column (Amersham Pharmacia Biotech, 
Arlington Heights, IL, USA) and HiLoad (GE Healthcare) column, each fraction 
was coated to the beads to examine the TNT guidance function. The functional 
fractions of the medium were then injected into a size-exclusion chromatography 
column Superdex 75 HR 10/30 (GE Healthcare) equilibrated with 10 mM Tris-HCI, 
pH 7.4. The medium was fractionated at a flow rate of 0.5 ml/min and eluted in 1.5- 
column volumes. The fractions after gel filtration were then coated to the beads to 
examine the TNT guidance function. 

Measurement of cell death. Cells were fixed in fresh 4% paraformalde- 
hyde and 4% sucrose in PBS for 20 min at room temperature and permeablized in 
0.1% Triton X-100 and 0.1% sodium citrate in PBS for 2 min on ice. Terminal 
deoxynucleotidyl transferase-biotin dUTP nick-end labeling (TUNEL) staining was 
performed using the in situ cell death detection kit I as described by the 
manufacturer (Roche, Basel, Switzerland). The coverslips were washed once in 
distilled water for 5 min and then mounted on glass slides to be observed under a 
fluorescence microscope. The percentage of cell death was determined by the 
ratio of the number of TUNEL-positive cells over the total of 100 cells in one count. 
The average of five counts was calculated as the percentage of neuronal cell 
death in a certain treatment. 

Real-time PCR. Cells were harvested and the total RNA was isolated with 
TRIGene reagent (GenStar BioSolutions Co., Ltd., Beijing, China). Total RNA 
(2 ^g) was reversely transcribed using TransScript II First-Strand cDNA Synthesis 
SuperMix (Beijing TransGen Biotech Co., Ltd., Beijing, China). Real-time 
PCRs were done by using TransStart Green qPCR SuperMix UDG (Beijing 
TransGen Biotech Co., Ltd.). Sequences of primers for rat S100A4 used were as 
following: S'-TGTAATAGTGTCCACCTTCC-S' (forward) and 5'-CATTGTCCC 
TGTTGCTGT-3' (reverse). Sequences of primers for rat RAGE used were as 
following: 5'-GCCTGTCGTGGACTTGGT-3' (forward) and 5'-TTCCGATGTTCAG 
AATGATGTT-3' (reverse). Real-time PCR quantifications were run in triplicate 
for each sample and the average were determined. In order to use the 
comparative Ct method for relative quantification, the amplification efficiency 
of target and housekeeping gene must be approximately equal. Quantification 
was done using the comparative Ct method, and expression levels for 
the target gene was normalized to the GAPDH of each sample 

=2 -(Q(targetgene)-Q(GAPDH)))_ Amp | ification was done f or 45 cyc | es 

at 95 °C for 30 s, 59 °C for 30 s, 72 °C for 30 s, 95 °C for 1 min, 59 °C for 30 s 
and 95 °C for 30 s. 

Enzyme-linked immunosorbent assay. Enzyme-linked immunosorbent 
assay was used to determine the concentrations of S100A4. Conditioned culture 
medium (~5^l) was collected by a microinjection needle next to initiating or 
target cells by a negative pressure produced by AirTram (Eppendorf), and a kit to 
determine S100A4 (Uscn Life Science Inc., Wuhan, China) was used to measure 
their concentrations described by the manufacturer. Then, the relative optical 
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intensity of each well was read out by microplate reader BioRad 480 (Bio-Rad, 
Hercules, CA, USA). 

Immunohistochemistry. For labeling of RAGE, sections were incubated 
with 10% normal donkey serum (Jackson Immunoresearch, West Grove, PA, 
USA) in PBS/Triton for 40 min. Then, the serum was extracted out and a primary 
antibody against RAGE (1:200) was added to incubate the sections 4°C 
overnight. After extensive washing, the Cy5-conjugated donkey-anti-rabbit 
secondary antibodies (diluted by 1 : 200; Jackson Immunoresearch) were added 
together to incubate the sections for 1 h at room temperature in darkness. 
Sections were mounted in 1 : 1 PBS/glycerol solution before examining with a 
confocal laser scanning microscope. 

Caspase activity assay. Cellular proteins were extracted in the cell lysis 
buffer (50 mM Tris pH 8.0, 150 mM NaCI, 1% NP-40 and 0.1% SDS) after 
treatments. Caspase-3 activities were measured with the cell extracts added by 
CaspACE Caspase-3 Colorimetric Assay kit (Promega, Madison, Wl, USA) 
described as the manufacturer. 

Western blots. Neuronal proteins were extracted in the cell lysis buffer 
(50 mM Tris, pH 8.0, 150 mM NaCI, 1% NP-40 and 0.1% SDS) and protein 
concentrations were measured by bicinchoninic acid assay (Pierce, Rockford, IL, 
USA). Protein extracts were denatured at 100 °C for 5 min and separated on 18% 
SDS-PAGE at 70 V for about 1 h. Proteins were transferred to Immobilon-P 
polyvinylidene fluoride membrane (Millipore Corporation) at 100 mA for 2h. The 
membrane was blocked with 5% nonfat milk in Tris-buffered saline (TBS) with 
0.1% Tween-20 (TBS-T) at room temperature for 1 h. Anti-S100A4, anti-caspase- 
3, anti-RAGE, anti-GAPDH and anti-actin antibodies were diluted at 1 : 1000 for 
western blots as primary antibodies. After three washes of 10 min each with TBS- 
T, goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP) was added 
in a dilution of 1 : 2500 as the secondary antibody. The secondary HRP was 
detected by enhanced chemiluminescence. The optical density was analyzed by 
BioRad ChemiDox (Bio-Rad). 

Statistical evaluation. The statistical significance was assessed by one-way 
analysis of variance (ANOVA). The Sheffe's test was applied as a post-hoc for the 
significant difference shown by ANOVA. A P-value <0.05 was used as an 
indication of statistical significance. 
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